Abstract. To obtain more and accurate biogenic volatile organic compound (BVOC) emission rates 11 for more plant species in China and further improve the accuracy of emission rates used in BVOC 12 emission inventories, we conducted field measurements and developed a statistical approach for 13 estimating representative emission rates. We performed field measurements of BVOC emissions from 14 50 plant species at nine locations in China using our established semi-static enclosure system. The 15 emissions of 102 VOCs, including isoprene, α-pinene, β-pinene, and other VOC species, were 16 analyzed with a custom-built online gas chromatography-mass spectrometry/flame ionization detector 17 system. From the results, broadleaf trees were the greatest potential emitters of isoprene, while 18 needle-leaf trees emitted more pinene. Shrubs had lower isoprene and pinene emission potentials, but 19 higher emission potentials for other VOCs. Methyl methacrylate, isopropylbenzene, isopentane, 20 acetone, ethane, propane, toluene, and xylene were the dominant species among other VOCs, 21
global and regional BVOC estimation studies. Next, we summarized our field measurements along 23 with reported emission rates from China and abroad. The emission intensity categories were produced 24 based on statistics, with more detailed categories, accurate emission rate intervals and representative 25 rates compared to previous studies. The results showed that the BVOC emission intensities of plants 26 displayed different categories, such as lowest, lower, low, moderate, high, higher, and highest. The 27 isoprene emission rate intervals and representative rates were: lowest, 0.08-0.11 and 0.1 μg C gdw Velcro strap around the trunk side of the branch, together with a temperature sensor and a zero air 129 tube placed along the branch. The bag was carefully placed over the branch to minimize contact of the 130 bag with foliage. After enclosing, the chamber was relatively airtight and had a certain volume of air 131 inside the bag. The port of the bag was connected to fused-silica-lined SUMMA polished stainless 132 steel canisters (3.2 L) with a polytetrafluoroethylene (PTFE, Teflon) tube for instantaneous sample 133 collection. The canisters were cleaned with nitrogen (N 2 ) and evacuated to < 10 mtorr before 134 sampling (Liu et al., 2008) . The zero air was provided by the portable cylinder with synthetic air (79% 135 N 2 and 21% O 2 ). The temperature inside the enclosure was measured using an HMP155A probe 136 (Vaisala, Inc., Vantaa, Finland). PAR was measured with a quantum sensor (LI-190SB; LI-COR 137 Biosciences, Inc., Lincoln, NE, USA). Owing to limitations of the field experiment, rotameters were 138 used to monitor and control the flow rate of the zero air. Considering its relatively low accuracy, the 139 flow rate had to be measured and calibrated with a primary air flow calibrator (Gilian Gilibrator-2; 140 Sensidyne, Inc., St. Petersburg, FL, USA) at the beginning and end of each experiment. 141
To sample BVOCs using the semi-static branch enclosure system, after enclosing, ambient air 142 was collected quickly as the background sample. Then, the bag was purged with zero air at a flow rate 143 of 10 L min -1 for ~6 min. Next, the air flow rate was decreased to 2 L min -1 and the purge was 144 continued for an additional ~3 min, which was expected to allow the air in the bag to be well mixed. 145
Finally, air in the bag was collected as the emission sample. During the experiment, the start and end 146 times of enclosure and each air purge stage were recorded, and temperature and PAR were monitored 147 6 every minute. All leaves on the enclosed branch were collected and transported to the laboratory and 148 weighed after drying at 70°C for 48 h. We assumed that the air in the bag had been mixed well in the 149 enclosure, and that the volume and VOC concentration were constant during the emission sample 150 collection. After the experiments, we confirmed that the enclosure had been relatively airtight, and the 151 total volume of the residual air in the bag at the beginning of enclosure and the purged zero air was 152 not large enough to cause gas to leak from the bag. 153
Analysis 154
The canister samples were transported to the laboratory for analysis as soon as possible to avoid loss 155 The refrigeration system had an initial temperature of -160°C, which was achieved by compressing 161 air. For each sample, 300 mL of air was concentrated when passing through the instrument at a flow 162 rate of 60 mL min -1 after water and carbon dioxide removal. Then, the highly focused VOCs were 163 quickly desorbed at 110°C by heating and transferred to the GC column for separation. The C2-C4 164 alkanes and alkenes were separated on a non-polar capillary column (PLOT-Al 2 O 3 , 15 m × 0.32 mm 165 ID × 3 μm; J&W Scientific, Folsom, CA, USA) and quantified with FID. The C4-C10 compounds 166 were separated on a semi-polar column (DB-624, 60 m × 0.25 mm ID × 1.4 μm; J&W Scientific) and 167 quantified with a quadrupole MS detector. 168
For the quantification of C2-C4 hydrocarbons by FID, we used the external standard method. 169
Meanwhile, we used the internal standard method for the GC/MS quantification of VOCs, using four 170 compounds as internal standards: bromochloromethane, 1,4-difluorobenzene, chlorobenzene-d5, and 171 bromofluorobenzene. Gases, Stewartsville, NJ, USA), and α-and β-pinene (KIN-TEK Laboratories, Inc., La Marque, TX, 175 USA). The calibrations were performed using five to six concentrations, ranging from 0.4 to 10 ppbv 176 with three standard gas mixtures. The correlation coefficients for the calibration curves were mostly > 177 0.99 for the VOCs. The precision of the system for VOCs ranged from 0.5% to 4%. The detection 178 limits of the GC-MS/FID system for the various tested compounds were in the range of 0.01-0.09 179 ppbv. 180
Calculation of Emission rate 181
For each enclosure experiment, after determining the background and emission sample VOC 182 7 concentrations, the emission rate was calculated with Equation (1): 183
where ER is the emission rate (μg gdw -1 h -1 ) of the VOC species under the experimental temperature 185 and PAR conditions; C and C 0 are the VOC species concentrations (μg m -3 ) in the emission and 186 background samples, respectively; V is the total volume (m 3 ) of zero air purged into the enclosure 187 bag; V 0 is the volume of dead air (i.e., residual air in the bag after enclosing but before purging zero 188 air, m 3 ); Δt is the total enclosure time (h); and B is the dry weight (g dw) of the leaves on the enclosed 189
branch. 190
In this study, we assumed that plants emitted no or negligible acetylene, so that the mass of 191 acetylene in the background and emission sample was constant. Therefore, we estimated V 0 with 192 Equation (2): 193 We selected sampling periods with no precipitation, low wind speed, higher visibility, and 209 temperature and PAR close to the standard (i.e., temperature = 30°C, PAR = 1000 μmol m -2 s -1 ). All 210 the field measurements were conducted during the daytime, usually from ~10:00 am to 15:00 pm. 211
Each enclosure experiment usually lasted for ~10 min. In most cases, the average temperature was 212 26-33°C and PAR was 600-1300 μmol photons m -1 s -1
. For each enclosure experiment, the 213 temperature variation in the bag was typically < 2°C. 214
Data processing 215
In this study, the emission rates measured using the semi-static branch enclosure system were taken at 216 To estimate representative emission rates, we summarized our field measurements, as well as a 228 large number of measurements from China and abroad. The data from other studies collected under 229 different environment conditions were normalized to standard conditions using the algorithm 230 mentioned above. To minimize errors introduced by this extrapolation, we only included 231 measurements conducted during the day in summer or growing season under temperature and light 232 similar to the standards to obtain normalized emission rates of the studied plant species/genera. The 233 reported isoprene emission rates were also measured at the branch or leaf level. Normalized leaf-level 234 emission rates were also determined from branch-level rates using the method described above. 235
Before estimating the emission intervals and representative emission rates, we hypothesized that 236 the VOC emission mechanisms were similar among species, and that their emissions were random. 237 All available normalized leaf-level isoprene and monoterpene emission rates from all studied trees, 238 comprising > 400 and 300 individual values, respectively, were separately analyzed. 239 3 Measurement of BVOC emission 240 Quercus wutaishanica were all high isoprene emitters, producing > 60 μg C gdw -1 h -1 . However, 257
Quercus variabilis was considered to have no or little isoprene emissions. The isoprene emission rates 258 of needle-leaf trees and shrubs were mostly < 0. ). Future studies should 276 include these VOC species when measuring BVOC emissions, and they should be considered in 277 global and regional BVOC emission estimates. 278
Estimation of representative emission rates 279

Emission rate intervals 280
The frequency distributions of the measured emission rates using all available data for isoprene and 281 monoterpenes for trees are shown in Figure 2 . The emission potentials differed greatly among plant 282 species, resulting in a wide range of emission rates. The isoprene emission rates ranged from 0 to 500 283 μg C gdw -1 h -1 , while those of monoterpenes fell predominantly within 0-100 μg C gdw -1 h -1 , with a 284 sparse distribution of higher emission rates. According to the distribution, we divided the emission 285 range of isoprene (x-axis of Fig. 2(a) ) into four groups, 0-1, 1-10, 10-100, and 100-500 μg C gdw The plant emission rates were inconsistent, but regular in distribution, falling into different 291 intensity levels (Fig. 2) . Based on these distributions, we defined seven categories for isoprene 292 emission rates (lowest, lower, low, moderate, high, higher, and highest), and six categories for 293 monoterpene emission rates (lowest, lower, low, moderate, high, and higher). We included more 294 emission rate categories than those in previous studies. First, we estimated a range of emission rates 295 for each category according to the distribution, and counted the values in each interval. Table 4 lists 296 the statistical frequency, mean, and standard deviation (SD) of emission rates and main plant species 297 distributed in each category. The lowest isoprene emission category had the most isoprene emission 298 rate measurements (42% of the total), while the higher category comprised 19% of the total 299 measurements, and other categories each comprised only 7-9% of the total. The largest number of 300 plants, including Tilia, Paulownia Sieb., Betula, Quercus Suber, and most needle-leaf trees, were in 301 the lowest isoprene emission category. Future studies should perform more emission measurements of 302 plants in the lower and high isoprene emission categories. For monoterpenes, emission rates were 303 uniformly distributed in the six emission categories, with frequencies of 15-20%. Future studies 304
should perform more intensive measurements of plants in the low and lowest monoterpene emission 305 intensity categories. 306
Based on the statistics listed in Table 4 , the measured values displayed dispersed distributions 307 (i.e., large SDs relative to the mean) in each emission rate range. If the mean were considered to be 308 the representative emission rate for each emission category, large uncertainties would be introduced 309 into the emission rate estimations of individual plants. Therefore, we considered additional statistics 310 for all the values in each emission rate range separately, which each had a normal distribution. Using 311 the t-test, we determined the 95% confidence interval (CI) of each range, which we considered to be 312 the final emission rate interval for each emission category (Table 5) . Table 5 
Determination of emission rates for 192 plants 323
The plant-specific emission rates were estimated based on the established emission intervals and 324 representative emission rate. Emission rates were determined for each tree species based on the 325 tendency of their measured emission rates to fall within each emission interval. Each plant was 326 assigned the representative rate of the emission interval in which most rates fell. The normalized 327 emission rates from a number of studies fell within a single interval for more than 70% of the 30 tree 328 species/genera studied. When the reported rates fell within more than one category, the tree 329 genus/species was assigned to the interval with the most rates. There were no occasions where 330 reported rates fell equally into several intervals. 331
We analyzed the emission rates reported in China and abroad separately. It was a priority to 332 apply the domestic measurements. The data from other countries would be selected when there was a 333 lack of domestic data. When the determined emission rate obtained from domestic and foreign studies 334 for one plant differed, and when there are much more measurements abroad than in China, such as 335 measurements for Eucalyptus and Picea, the mean of two representative rates was considered as the 336 emission rate. We assigned plant species with no measurements the same emission interval as that of 337 measured species of the same family or genus. When there were no measurements for a family or 338 genus, the plant species was assigned to the lowest emission category for isoprene and monoterpenes, 339 with representative emission rates of 0.1 μg C gdw -1 h -1 (Klinger et al., 2002). 340 Table 6 lists the estimated emission rates based on measurements from domestic and foreign 341 studies and the final values of leaf-level emission rates for the 30 dominant tree species in this study. 342
The final values for each plant species/genera were determined from the estimated domestic and 343 foreign emission rates according to the principle described above. Broadleaf trees, such as Quercus, 344
Populus, bamboo, and Eucalyptus, had higher or high isoprene emission rates. Meanwhile, needle-leaf 345 trees, such as Pinus, Abies, and Cupressus, had higher monoterpene emission potentials. Similarly, the 346 normalized isoprene and monoterpene emission rates of 149 shrub and grass genera and 13 crop 347 species were determined based on the measurements from our study and those from other studies 348 (Tables 7 and 8 ). In Table 7 , only the average emission rates for 54 families of shrubs and 351 grass are displayed due to space limitations. Overall, the emission potentials of crop, shrub, and grass 352 were much lower than those of forest tree species; however, rubber had higher isoprene and 353 monoterpene emission rates. 354
Comparison of representative emission rates 355
Previous studies of BVOC emission inventories in China applied a traditional method based on the 356 which could result in an underestimation of 4.9-7.8 Tg C yr -1 for isoprene emissions in China, 367 estimated using the methodologies described in Li et al. (2013) and Li and Xie (2014). It should be 368 noted that different data sources contributed to differences in the determined emission rates among 369 studies. In the future, we will perform more measurements for further improvement of the approaches 370 and accuracy of estimating representative emission rates. 371
Evaluation 372
Accurately estimating representative BVOC emission rates is a challenging but critical step for 373 constructing emission inventories. However, efforts have been made to develop an accurate emission 374 rate database. Niinemets et al. (2011) presented a fairly thorough discussion on estimations of 375 isoprenoid emission capacities from enclosure studies. They reviewed sources of uncertainties in the 376 emission rate estimates, including measurement techniques (focusing on dynamic enclosure systems), 377 calculations, extrapolations to standard emissions, and averaging. They first proposed a standardized 378 protocol for the measurements and calculations and standardized the examination and screening of 379 emission rate data from numerous reports before developing the emission rate database. This review 380 helped the developers of emission factor databases to select and process original observations 381 successfully. However, there might be still a large number of available varied emission rate data for 382 one given plant species, while no data existing for some certain species. Therefore, it was necessary to 383 determine an accurate representative value as the emission rate for application in the BVOC emission 384 inventory estimates. Here, our established reasonable statistical method for determining species-385 specific representative emission rates, with production of more detailed emission intensity categories, 386 accurate emission rate intervals and representative rates, should work effectively. Certainly, the 387 foundation of our method was the evaluation and screening based on the quality of the emission rate 388 observations and the use of reliable extrapolations, as suggested by Niinemets et al. (2011) . First, they 389 recommended that only two quality classes (quantitative measurements and semi-quantitative 390 measurements) associated with dynamic systems could be used to construct BVOC emission 391 In our study, the summarized reported emission rate measurements from abroad were mainly derived 394 from dynamic open systems. While those in China were measured using simple static systems, 395 primarily due to a lack of other measurements, which should only be used in emission rate estimates 396 when there are no other available observations for a region. The errors introduced due to extrapolation 397 were minimized and within a reasonable range, as discussed in Section 2.2. 398
In this study, we focused on gaining a comprehensive understanding of BVOC emissions from 399 plants in China and exploring scientific methods for the accurate estimation of plant species-specific 400 representative BVOC emission rates based on reliable original emission rate observations. 401
Conclusions 402
We performed field measurements of BVOC emissions from 50 plant species, including 36 trees and 403 14 shrubs, at nine locations in China using our established semi-static enclosure system. Emission 404 rates of 102 VOC species (i.e., isoprene, α-pinene, β-pinene, and other VOC species) from 67 405 experiments were determined by analyzing with a custom-built online GC-MS/FID system. Of the 406 studied plants, broadleaf trees were the greatest potential emitters of isoprene, while needle-leaf trees 407 emitted more pinene. Shrubs had lower isoprene and pinene emissions, but higher emissions of other 408
VOCs. Overall, deciduous broadleaf trees had higher isoprene emission intensities than evergreen 409 broadleaf trees. B. papyrifera was the strongest emitter of isoprene, with a normalized leaf-level 410 with previous studies, our emission rate categories were more detailed, and the emission rate interval 428 and representative rates were more accurate. They would be further improved by integrating more 429 field measurements in the future, which would be significant for reducing the uncertainty in the 430 determination of emission rate and estimation of emissions in BVOC emission inventories. 431
Based on the emission intervals, we determined emission rates for 192 plant species/genera, 432 including 30 dominant tree species, 149 shrub and grass genera, and 13 crop species. Broadleaf trees, 433
including Quercus, Populus, bamboo, and Eucalyptus, had higher or high isoprene emission rates. 434
Meanwhile, needle-leaf trees, including Pinus, Abies, and Cupressus, had higher monoterpene 435 emission potentials. The emission potentials of crops, shrubs, and grasses were much lower than those 436 of forest plants. Of the crop species, rubber had higher isoprene and monoterpene emission rates. In 437 our study, the isoprene emission rates of several tree species with high emission potentials were 438 higher than those in previous studies, which could explain why China's BVOC emissions have 439 ). 677 Table 2 . 103 VOC species quantified with the GC-MS/FID system. 678 Table 3 . Plant species sampled at each location, sampling time, and measured emission rates. 679 Table 4 . Isoprene and monoterpene emission rate categories, emission rate ranges, statistics, and 680 distributed plant species in each category (μg C gdw -1 h -1
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